
Gentemann, Fewings, and García-Reyes, 2017

Volume 44 • Issue 1 • 16 January 2017 • Pages 1– 604

USGCRP Observations Interagency Working Group 

“Earth Observations in a Changing Climate” Webinar

on Marine Heat Waves

November 1, 2021

Understanding modulation of marine heat waves by winds 
in eastern boundary upwelling systems 
by using long-term satellite and in-situ  
physical oceanographic and meteorological observations 

Melanie Fewings 
College of Earth, Ocean, and Atmospheric Sciences

Oregon State University


Coauthors and Collaborators 
Craig Risien, Brandy Cervantes, Kylene Cooley, 


Jim Lerczak, Kevin Brown, Larry O’Neill (OSU)

Gwen Larson, Carlos Moffat (University of Delaware)

Jennifer Fisher (CIMRS)

Kym Jacobson (NOAA NWFSC)



• frequency (Scannell et al., 2016)
• intensity and duration (Oliver et al., 2018)
• trend in # of extreme hot days (Lima and Wethey, 2012)
• physical forcing mechanisms (Holbrook et al., 2019)

• lack of understanding  
of regional variations 
prevents accurate 
prediction  
(Jacox et al., 2019)

• California Current System:  
  productive fisheries 
  severely affected by MHWs

#days/decade

CCS

Coastal areas show strong spatial variations in MHWs

Lima and Wethey, 
2012 

Linear trends in the yearly frequency of extreme hot days,
1982–2010 



A Scientific / Technical / Management Description

1 Motivation and Objectives
In the northeast Pacific during 2014–2016, one of the largest recorded marine heat waves (MHWs)

occurred, known in the popular press as “The Blob”. This MHW caused major damage to economically
important fisheries and other ecosystems from Alaska through California associated with species shifts
[Peterson et al. 2017; Whitney 2015; Auth et al. 2017] and an unprecedentedly large bloom of toxic
algae that spanned the entire coastline [McCabe et al. 2016]. Though The Blob a↵ected the entire
northeast Pacific, the sea-surface temperature (SST) anomalies along the west coast of the United
States in summer were much stronger along the southern half of the coastline, California and Baja,
than the northern half, Washington and Oregon [Gentemann et al. 2016]. This north-south di↵erence
was so strong by summer 2015 that The Blob split in two parts, one in the Gulf of Alaska and one
extending from central California to Baja (Figure 1a); the split was reported in the journal Science as
“flummoxing” scientists [Kintisch 2015]. The reason for the splitting of the MHW has remained
unclear, but the strong regional variation in SST anomalies is consistent with region-specific variations
in frequency of MHWs worldwide [Scannell et al. 2016] and in the rate of change of the number of
days with extremely cold or warm SST along the world’s coasts [Lima and Wethey 2012]. The
scientific community’s lack of understanding of the causes of regional variation within MHWs prevents
accurate prediction of MHWs and the resulting economic and ecological impacts.

We have observed a striking similarity between the SST pattern of the split Blob (Fig. 1a) and a
characteristic quasi-dipole wind pattern we recently described o↵ western North America (NAmer)
(Fig. 1c) [Fewings et al. 2016; Flynn et al. 2017; Fewings 2017]. Until now, however, this quasi-dipole
wind pattern has not been considered as a possible cause of regional variation in SST anomalies during
MHWs o↵ western NAmer. We observe an analogous pattern in SST and wind stress o↵ South
America (SAmer) during the MHW in January 2016 (Fig. 2).

We propose to determine whether there is a systematic relationship between the
characteristic regional wind forcing patterns in summer and the spatial structure,
intensity, and persistence of midlatitude MHWs west of North and South America.

Fig. 1: SST and wind stress anomalies during the recent northeast Pacific MHW and during typical
regional wind relaxations. (a) SST anomaly during July 2015 (http://podaac-tools.jpl.nasa.gov/soto).
(b) Composite SST anomaly from 44 “southern relaxation” events in summer 2006–2009. (c)
Composite wind stress anomaly during 67 “southern relaxation” events in summer 2000–2009, from
QuikSCAT. (d) Wind stress anomaly in July 2015 from RapidSCAT and ASCAT-A with COARE 3.5
bulk algorithm.
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SST anomaly, July 1 2015

"The Blob” 

GHRSST L4 MUR

The spatial structure of a “split” SST anomaly in 2015 MHW
is very similar to a known wind stress pattern.

• this phase of wind dipole caused by synoptic ridging (Nuss 2007)
• triangular shape from MBL hydraulics, coastline bend at Cape Mendocino (Edwards et al. 2002)

Fewings et al. JGR 2016



change in SST  
during 44 summer wind relaxations

from OAFlux

Mendocino

The typical wind fluctuations are associated with SST anomaly 
trends.

Kayla Flynn, 
UConn M.S. 2016
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Figure 6. Evolution of wind stress anomalies for the composite wind relaxation event, based on 

67 events during May–August 2000–2009. The number in each panel indicates time in days 

relative to the onset of wind relaxation at the Pt. Conception buoys (dy 0). Color indicates the 

wind stress anomaly in the direction of the mean wind stress at each point (Figure 1). Blue 

indicates weaker than the mean upwelling-favorable wind stress, and/or downwelling-favorable 

wind stress. Red indicates the upwelling-favorable wind stress is stronger than the mean in 

Figure 1. Red and blue contours indicate a wind stress anomaly of +/- 0.03 Pa. The cross-mean 

component of the wind stress anomalies is weak (not shown). Grey indicates the anomaly is not 

wind stress anomaly (Pa)  
composite over 69 cenCal summer relaxations

from QuikSCAT satellite L2 swaths

Mendocino
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Fewings et al. JGR 2016; Flynn, 2016; Flynn et al. JGR 2017

Hypothesis: the SST pattern during extreme events (MHW) 
is due to a more persistent version of “normal” weather events.  



Using satellite SST, wind stress, and air-sea heat fluxes  
to understand the split MHW of 2015

satellite SST

GHRSST L4 MUR


July 2015

satellite SST

AMSR-E L2


44 events

summer 2006-2009

satellite wind stress

QuikSCAT L2


67 events

summer 2000-2009

satellite wind stress

QuikSCAT L2


RapidSCAT L2

ASCAT-A L2


July 2000-2017, July 2015

These spatial patterns are very similar. 

To diagnose what caused the split MHW, next calculate terms in the heat budget



The SST anomaly is NOT explained by the air-sea heat flux anomaly

• where the ocean warmed off California, the air-sea heat flux anomaly was small due to +clouds
• weak winds off California can explain the split MHW (likely via changes in mixed layer depth and entrainment)
• “California wind relaxation” phase of wind dipole unusually persistent. Large-scale atmospheric ridging?
• similar to synoptic wind dipole events (Flynn et al. 2017)  
Fewings and Brown, Frontiers in Marine Science 2019

Fewings et al. Split marine heat wave of 2015

Figure 4. Terms in a time-integrated 1-D heat anomaly budget for the ocean surface mixed layer
(section 3.4) during 1–14 July 2015. (A) Change in SST anomaly from 1 July to 14 July at each location,
relative to a daily climatology. (B) Accumulated anomaly in the net air-sea heat flux during 1–14 July.
Positive indicates anomalous ocean warming (or equivalently, weaker cooling than in the climatology). If
the 1-D heat budget closed exactly, the two panels would look the same. For consistency, (A) is based on
the SST product distributed with OAFlux, not the CMC SST used elsewhere in this study, but the CMC
product gives a very similar result (not shown). To facilitate comparison with (A), the heat flux anomalies
in panel B are converted to the change in SST that would be generated for a climatological mixed layer
depth of ⇠20 m, following Flynn et al. (2017) (i.e., each heat flux is scaled by ⇢0cph with h = 20 m).
White numbers mark regions referred to in section 4.3.

Frontiers 21

GHRSST L4 

satellite SST

satellite air-sea 
heat fluxes: 

CERES, OAFlux, 
SeaFlux

satellite ocean 
vector wind stress: 

QuikSCAT, 
RapidSCAT, 

ASCAT-A

L2



WIND:

• In summer over the CCS,  
> half the wind velocity variance is coherent  
and captured by one HEOF (NOAA weather buoys, QuikSCAT)

MARINE HEAT WAVES:

• The split MHW of July 2015 was created by  
a persistent relaxation of the expansion fan winds off California (satellite ocean vector winds)

• Dipole SST anomaly added to pre-existing large-scale MHW (satellite SST, air-sea heat flux)

COASTLINE SHAPE:

• The offshore spatial structure of the wind relaxations (satellite wind speed) 
is set by a hydraulic expansion fan from the coastline bend of CA (Edwards et al. 2002)

• Coastline shape and large-scale pressure pattern determines regional variations in MHW in the CCS

SO WHAT?

• The regional spatial variability of MHW in the CCS may be predictable… even if the timing is not.

Conclusions
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FIG. 10. Spatial patterns of Hilbert EOFs 1 and 2 of along-coast wind velocity from buoys and from

QuikSCAT satellite vector wind data. HEOFs 1 and 2 explain 55-60% and 20-25% of the total variance, re-

spectively (Figure 9). In (b,e) the normalized amplitudes have units of the standard deviation of wind velocity at

each site.
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Ongoing work (1):
Other split MHWs?

From NASA’s State of the Ocean tool, http://podaac-tools.jpl.nasa.gov/soto

satellite SST: GHRSST L4 MUR

0 3°C−3

a split MHW with opposite wind dipole phase?
SST anomaly August 10, 2018

a split MHW 
SST anomaly July 24, 2018

Gwen Larson, MS defense next week!



Ongoing work (2):  
Similar wind-MHW relationship in Chile-Peru EBUS

Kylene Cooley, MS defense 4 weeks ago!
Cooley et al., in prep



Ongoing work (3):  
Subsurface MHW structure

Figure by David Reinert,  
CEOAS/OSU

Newport Hydrographic Line, 1997-present 
Shipboard CTD sections; 5 mooring programs

New gridded sections, robust climatologies, and anomalies:

Risien et al., in prep. x2, Cervantes et al., in prep., Fewings et al., in prep.

NH-Line Temperature Anomalies
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Wish lists
Observations: 

(1) Higher resolution (space and time) global coverage ocean mixed layer depth 
e.g. more Argo floats surfacing every 1-3 days not 10 days 

(2) Higher-resolution, sub-daily, global coverage air-sea heat fluxes from satellites 

(3) Higher-resolution satellite microwave SST (coverage near coast) 

(4) Prevent gaps in in-situ time series  

(5) How these new obs would play into management applications: improved near-surface conditions 
in data assimilative models —> high-resolution, >1 yr Lagrangian back trajectories for fisheries 
studies 

Diversity and Inclusion: 

(1) To have meaningful new engagement and partnerships, e.g. with indigenous communities,  
need longer timelines (6 months) between announcement of RFP priorities/LOI results 
and proposal deadlines 

(2) More grad and postdoc fellowships targeted at underrepresented groups.  
There’s lots of data available to be analyzed! We need people time funded to do the analysis.  

(3) Change reward systems to value D&I work more highly.


